Macrophages play a very important role in host defense and in iron homeostasis by engulfing senescent red blood cells and recycling iron. Hepcidin is the master iron regulating hormone that limits dietary iron absorption from the gut and limits iron egress from macrophages. Upon infection macrophages retain iron to limit its bioavailability which limits bacterial growth. Recently, a short chain butyrate dehydrogenase type 2 (BDH2) protein was reported to contain an iron responsive element and to mediate cellular iron trafficking by catalyzing the synthesis of the mammalian siderophore that binds labile iron; therefore, BDH2 plays a crucial role in intracellular iron homeostasis. However, BDH2 expression and regulation in macrophages have not yet been described. Here we show that LPS-induced inflammation combined with ER stress led to massive BDH2 downregulation, increased the expression of ER stress markers, upregulated hepcidin expression, downregulated ferroportin expression, caused iron retention in macrophages, and dysregulated cytokine release from macrophages. We also show that ER stress combined with inflammation synergistically upregulated the expression of the iron carrier protein NGAL and the stress-inducible heme degrading enzyme heme oxygenase-1 (HO-1) leading to iron liberation. This is the first report to show that inflammation and ER stress downregulate the expression of BDH2 in human THP-1 macrophages.
Introduction
Iron is an essential nutrient required for numerous cell functions and in order to avoid metal toxicity iron metabolism is tightly regulated [1] . Altered iron homeostasis and dysregulated cellular iron metabolism are associated with many chronic diseases including diabetes mellitus, cardiovascular diseases, arthritis, and neurodegenerative diseases. Altered iron homeostasis in chronic inflammation is characterized by misdistribution of iron that is manifested in hypoferremia, commonly called anemia of chronic inflammation, and iron retention in macrophages and the reticuloendothelial system [2, 3] .
Macrophages play a central role in iron homeostasis by uptake of damaged and senescent red blood cells and recycle large amounts of iron daily [4, 5] . Macrophages also play a very important role in host defense by detecting invading pathogens and responding in order to clear infection. Since iron is essential for bacterial growth, macrophages retain iron to limit its extracellular bioavailability which thereby limits bacterial growth. This response to infection is called the iron-limiting innate immune defense mechanism. Hepcidin is the master iron regulating hormone that limits iron egress from macrophages [6] . Hepcidin binds to ferroportin, the only known iron exporter, leading to its internalization and degradation and consequent iron retention [7] . Therefore, cellular iron homeostasis and iron egress via the hepcidinferroportin axis are very tightly regulated during infection and inflammation [8] [9] [10] [11] .
Iron is a highly reactive metal; thus, to reduce metal toxicity, iron is maintained bound to hemoproteins and in iron-sulfur clusters or safely stored in ferritin cages [1] . Free intracellular iron or poorly liganded iron is toxic since it catalyzes the production of reactive oxygen species (ROS). Therefore, macrophages detoxify labile iron by multiple mechanisms. Recently, the presence of a mammalian siderophore, an iron-chelating small molecule, was reported and the iron-binding moiety of this molecule was identified as 2,5-dihydroxybenzoic acid (2,5DHBA) [12] . This mammalian siderophore captures free cytosolic iron and thus protects the cells from oxidant stress [12] . The enzyme that catalyzes the synthesis of 2,5DHBA is a member of the shortchain dehydrogenase/reductase family (DHRS6) [13] called 3-hydroxybutyrate dehydrogenase type 2 (BDH2) [12] . Inhibition of BDH2 expression in murine pro-B lymphocytic cells led to the depletion of the mammalian siderophore and the accumulation of labile iron. The physiological role of BDH2 in sensing cellular iron was further confirmed by the discovery that the BDH2 enzyme contains an iron responsive element that interacts with iron regulatory proteins that control posttranscriptional gene expression [14] . Recently, Zughaier et al. reported that BDH2 expression in macrophages is suppressed upon bacterial infection suggesting an important role for BDH2 in iron-limiting innate immunity [15] . More recently, the Devireddy group further confirmed the role of BDH2 in cellular iron homeostasis and showed that depletion of the endogenous siderophore 2,5-DHBA in a mouse model resulted in microcytic anemia and iron overload in the spleen [16, 17] . They also reported that BDH2 and ferritin-H synergistically regulate intracellular iron levels in an in vitro experimental cell culture model [18] . Therefore, BDH2 is required for intracellular iron homeostasis [12] . However, the role of BDH2 in iron-limiting innate immune defenses in macrophages is not known.
Macrophages engulf senescent RBCs and recycle hemoglobin; thus, they express heme oxygenase-1 (HO-1), the catalytic enzyme that degrades heme, consequently liberating iron and producing carbon monoxide [19] . HO-1 is highly induced in response to inflammation, oxidative stress, and hypoxia [19, 20] due to its cytoprotective effects and antiinflammatory activity [21, 22] . Therefore, HO-1, as a stressinducible protein, is an important player in intracellular iron homeostasis. Further, neutrophil gelatinase-associated lipocalin (NGAL) [23] functions as an iron carrier protein that shuttles bound iron across tissues by internalization with a membrane-localized receptor [24, 25] and also plays a critical physiological role in intracellular iron homeostasis by trafficking the iron-bound siderophore 2,5DHBA [12] and iron-catecholamine complexes [26] . NGAL plays a crucial role in iron-limiting innate immune defenses since it limits iron availability by also scavenging bacterial siderophores and thereby exerts an antibacterial function [27] [28] [29] .
Intracellular iron homeostasis is disrupted by endoplasmic reticulum (ER) stress [30] . ER stress induced upon cellular perturbations is regulated by activation of the unfolded protein response to restore homeostatic cellular functions [30] . Control of ER stress is required for cell survival and uncontrolled ER stress leads to cell death [31, 32] . ER stress alters cellular iron homeostasis by inducing hepcidin expression [33, 34] . Altered iron homeostasis and ER stress are associated with chronic neurodegenerative diseases such as Huntington's disease and Alzheimer's disease [35, 36] . It is not known whether ER stress also affects BDH2 expression. The goal of this study was to investigate whether ER stress and inflammation modulate BDH2 expression in macrophages.
Here, we show that LPS-induced inflammation combined with chemically induced ER stress led to BDH2 downregulation, increased the expression of ER stress markers including CHOP, upregulated hepcidin expression, downregulated ferroportin expression, caused iron retention in macrophages, and dysregulated cytokine release from macrophages. Further, we show that ER stress combined with inflammation dramatically upregulated NGAL expression as well as the inducible heme oxygenase-1 enzyme in macrophages. We also show that vitamin D treatment prior to LPS restored BDH2 expression. This is the first report to show that ER stress and inflammation downregulate the expression of BDH2 in human THP-1 macrophages. The results suggest that BDH2 plays an important role in modulating iron-limiting innate immune defenses.
Materials and Methods

Reagents. RPMI 1640 medium, Dulbecco's modified
Eagle medium (D-MEM), HBSS, fetal bovine serum (FBS), penicillin/streptomycin, sodium pyruvate, and nonessential amino acids were obtained from Cellgro Mediatech (Herdon, VA). Magnetic beads for a panel of human cytokines and chemokines were from Invitrogen (Carlsbad, CA). Tunicamycin, calcein-AM, and thiazolyl blue tetrazolium bromide were purchased from Sigma Aldrich (St. Louis, MO). Lipopolysaccharide [37] from Neisseria meningitidis serogroup B was purified and quantified as previously described [38] .
Cell Culture and Macrophage
Stimulation. THP-1 macrophage-like cells were grown in RPMI 1640 medium supplemented with 10% FBS, 50 g/mL penicillin, and 50 IU/mL of streptomycin. HEK293 cells were grown in D-MEM supplemented with 10% FBS, 50 g/mL penicillin, and 50 IU/mL of streptomycin. Freshly grown cells were harvested and adjusted to 1 million cells/mL and then transferred into 12-well tissue culture plates at 2 mL/well. To induce ER stress cells were treated with tunicamycin (10 g/mL in DMSO) and incubated overnight at 37 ∘ C. Control cells were treated with DMSO only and incubated similarly. Following overnight exposure to tunicamycin, cells were exposed to LPS (40 ng/mL) to induce inflammation and incubated for 6 hr at 37 ∘ C. Cells were centrifuged and supernatants were saved at −20 ∘ C for cytokine measurements. Harvested cells were washed with PBS and then placed in RLT buffer (Qiagen; Hilden, Germany) containing 1% -mercaptoethanol, passed over QiaShredder columns, and the resulting lysates were saved at −80 ∘ C for mRNA extraction. [39] . Briefly, cell lysates saved in RLT buffer were mixed in 70% ethanol and then passed over RNeasy columns. Columns were washed and treated with 10 L of RNase-free DNase (Qiagen) for 15 min at room temperature prior to RNA extraction, followed by additional washing and centrifugation. RNA was eluted in 35 L of RNase-free water and then was reverse transcribed to cDNA using QuantiTect Reverse Transcription kit (Qiagen) following the manufacturer's instructions. Relative gene expression was determined by quantitative RT-PCR performed on resulting cDNA using SYBR Green (Promega; Madison, WI) following the manufacturer's instructions. The mRNA level was calculated in reference to -actin and fold change gene expression was calculated in reference to controls using the ΔΔCT method. Results were normalized to unstimulated DMSO-treated cells which were used as controls for basal gene expression level. The following primers were used for qRT-PCR reactions: human hepcidin 5 -GACCAGTGGCTCTGTTTTCC-3 and 5 -CAC-ATCCCACACTTTGATCG-3 ; human BDH2 5 -CAGCGT-CAAAGGAGTTGTGA-3 and 5 -TGGCGTATCAACTGT-TCCTG-3 ; human NGAL 5 -ATGACATGAACCTGCTCG-ATA-3 and 5 -TCATAGTCGTTCATTATCTTC-3 ; human -actin 5 -TCTTCCAGCCTTCCTTCCT-3 and 5 -AGC-ACTGTGTTGGCGTACAG-3 . Primers for ER stress markers used in this study are as follows: human hsXBP-1 5 -TTC-CGGAGCTGGGTATCTCA-3 and 5 -GAACCCCCGTAT-CCACAGTC-3 ; human GRP78 5 -ACGGCAGCTGCT-ATTGCTTA-3 and 5 -TCCTGACATCTTTGCCCGTC-3 ; human CHOP 5 -GACCTGCAAGAGGTCCTGTC-3 and 5 -GCAGGGTCAAGAGTGGTGAA-3 . Ferroportin (Hs SLC40A1 1 SG), transferrin receptor (Hs TFRC 1 SG), and heme oxygenase (Hs HMOX1 1 SG) QuantiTect primers were purchased from Qiagen.
Western Blot Analysis.
Freshly grown THP-1 cells were harvested and adjusted to 1 million cells/mL and 8 mL of cells was transferred into 6-well tissue culture plates. To induce ER stress, cells were treated with tunicamycin (10 g/mL) and incubated overnight at 37 ∘ C. Control cells were treated with DMSO only and incubated similarly. Following overnight incubation, some cells were exposed to LPS (40 ng/mL) to induce inflammation and incubated for 6 hr at 37 ∘ C. Harvested THP-1 cells were lysed in RIPA buffer (Boston BioProducts; Boston, MA) and centrifuged to remove nuclei and debris, and the protein concentration of the supernatant was measured using a BCA protein assay (Thermo; Waltham, MA). Equal amounts of protein were removed from each macrophage treatment group, mixed with 6X Laemlli buffer, and boiled for 15 minutes. For untransfected HEK lysate and the BDH2 transfected HEK positive control groups (Origene Technologies; Rockville, MD), 50 ng of protein was loaded to adjust for overexpression. Samples were loaded onto a 12% MiniProtean TGX gel (BioRad; Hercules, CA), electrophoresed, and transferred onto nitrocellulose membranes (BioRad; Hercules, CA). To detect BDH2, membranes were incubated with anti-BDH2 antibody (TrueMAB antibody clone 2G1 from Origene). To detect actin, membranes were incubated with a mouse anti-actin antibody (Sigma). In both cases, membranes were incubated with an HRPconjugated anti-mouse secondary antibody (Cell Signaling; Danvers, MA), incubated in Amersham western blot detection reagent (GE Healthcare; Cleveland, OH), and visualized with HyBlot CL autoradiography film (Denville Scientific; Metuchen, NJ).
Cytokine and Chemokine
Measurements. Cytokines and chemokines released from THP-1 macrophages treated with tunicamycin alone, LPS alone, or both tunicamycin and LPS as described above were measured using Luminex magnetic beads (Invitrogen) following the manufacturer's instructions.
Measurement of Iron Retention in Macrophages.
Intracellular accumulation of labile iron in macrophages was measured using the well-established calcein-AM method [40] . Freshly grown THP-1 cells were treated with tunicamycin (10 g/mL) and incubated overnight prior to stimulation with LPS (40 ng/mL) for 6 hr. Control cells were treated with DMSO only. Harvested cells were resuspended in RPMI 1640 medium supplemented with 10% FBS, and 0.5 M calcein-AM was added and incubated for 15 min at 37 ∘ C. Calcein-loaded cells were washed twice with PBS to remove extracellular calcein-AM and resuspended in HBSS. 100 L aliquots, containing 0.25 million cells, were transferred into quadruplicate wells in black 96-well plates. After a 20 min incubation at 37 ∘ C, fluorescence was determined at 485 nm (excitation) and 535 nm (emission) wavelengths using a BioTek Synergy 2 Instrument (Winooski; VT).
Cellular Viability Measurement Using the Colorimetric
MTT Reduction Assay. The tetrazolium salt dye is cleaved by live and metabolically active cells but not by dead cells; therefore, the MTT reduction assay was used to measure the viability of THP-1 cells treated with tunicamycin with or without LPS [41, 42] . Briefly, freshly grown THP-1 cells adjusted to 1 million cells/mL were treated with tunicamycin doses ranging from 0.5 to 10 g/mL and incubated overnight followed in some cases by 6 hr of exposure to LPS. Control cells treated with DMSO only were coincubated under the same experimental conditions. Five mg of thiazolyl blue tetrazolium bromide was dissolved in 1 mL of PBS and 15 L was added to 150 L of treated THP-1 cells which were further incubated at 37 ∘ C for one hour. Cells were centrifuged to remove extracellular dye and then lysed in 150 L of DMSO to dissolve the intracellular dye. The absorbance of reduced dye was measured at 591 nm wavelength using a Bio-Tek spectrophotometer.
Statistical Analysis.
Mean values ± SD of three independent experiments, or two in few cases, were calculated with Microsoft Excel. Statistical analysis was performed with Prism v5.0 software using one-way ANOVA followed by Bonferroni multiple comparisons post hoc analysis. values * values were calculated in reference to vehicle (DMSO) treatment control using one-way ANOVA followed by Bonferroni multiple comparisons post hoc analysis. values annotated * * * < 0.0001; * * = 0.001-0.01; > 0.05 were not significant (NS). annotated * * * < 0.0001; * * = 0.001-0.01; * = 0.01-0.05; > 0.05 were not significant.
Results
BDH2 Expression in Macrophages Is Downregulated by ER Stress and Inflammation.
Macrophages play a very important role in host defense and in iron homeostasis [1] . Recently, BDH2 was reported to play a crucial role in intracellular iron trafficking by catalyzing the synthesis of 2,5-DHBA [12] . Further, ER stress has been shown to dysregulate cellular iron homeostasis [30] . Zughaier et al. reported that BDH2 expression in macrophages is downregulated upon bacterial infection [15] . However, BDH2 expression and regulation in macrophages during ER stress and inflammation have not yet been described. To investigate BDH2 expression in macrophages and its regulation by ER stress and inflammation, we employed human macrophage-like monocytic cells (THP-1) treated with tunicamycin overnight prior to LPS exposure for 6 hr to induce ER stress and inflammation, respectively. Here we show that BDH2 protein and gene expression in macrophages was downregulated by ER stress and inflammation (Figure 1 ). Reduced BDH2 protein levels were observed in THP-1 cells after treatment with LPS and tunicamycin as compared to cells treated with DMSO alone (Figure 1(a) ). Consistent with this observation, BDH2 gene expression was significantly downregulated when THP-1 macrophages were treated with tunicamycin and LPS either alone or in combination (Figure 1(b) ). Treatment with tunicamycin alone reduced BDH2 mRNA expression in a dosedependent manner (Figure 1(c) ). Further, we examined the activation of ER stress markers and as expected overnight 6 cells/mL) were treated with tunicamycin (10 g/mL) or DMSO overnight prior to LPS exposure (40 ng/mL) for 6 hr. RNA was extracted and ER stress markers CHOP (a), hsXBP (b), and GRP78 (c) gene expressions were assessed by quantitative RT-PCR normalized to -actin. The fold change in CHOP and hsXBP gene expression was calculated in reference to DMSO treated control THP-1 cells using the ΔΔCT method and presented here normalized to no treatment control. Error bars represent the SD from the mean of three independent experiments. * values were calculated in reference to no treatment (DMSO only) control using one-way ANOVA followed by Bonferroni multiple comparisons post hoc analysis. values annotated * * * < 0.0001; * * = 0.001-0.01; * = 0.01-0.05; > 0.05 were not significant (NS).
tunicamycin treatment significantly induced ER stress markers CHOP, hsXBP-1, GRP78 (Figure 2 ), and ATF6 (data not shown). In contrast, 6 hr LPS treatment alone did not upregulate ER stress markers in THP-1 cells (Figure 2 ), as documented previously [43] . Cellular viability was assessed using the MTT reduction assay [41] which showed that the doses of tunicamycin and LPS used here did not reduce cellular viability (see Supplementary Figure 1A in Supplementary Material available online at http://dx.doi.org/10.1155/2014/140728). These data indicate that ER stress and inflammation downregulate BDH2 expression in THP-1 macrophages.
Cellular Iron Homeostasis Is Dysregulated by ER Stress and Inflammation in Macrophages.
ER stress controls iron homeostasis via the induction of hepcidin, the master iron regulating hormone [2] . Hepcidin binds to the only known cellular iron exporter, ferroportin, and leads to its internalization and degradation, consequently inhibiting iron egress from macrophages [7] . The dysregulation of the hepcidinferroportin axis leads to iron retention in macrophages and increases the cytosolic labile iron pool which is highly reactive and causes oxidative stress [3] . Therefore, detoxifying labile iron is essential to maintaining cellular iron homeostasis. To investigate intracellular iron status in tunicamycin and LPS treated THP-1 macrophages we determined the expression of hepcidin and ferroportin. The data show that tunicamycin-induced ER stress as well as LPS-induced inflammation led to significant upregulation of hepcidin gene expression in THP-1 macrophages (Figure 3(a) ). In contrast, tunicamycin and LPS treatment led to a dramatic reduction 6 cells/mL) were treated with tunicamycin (10 g/mL) or DMSO overnight prior to LPS exposure (40 ng/mL) for 6 hr and iron retention in macrophages was determined using the calcein-AM fluorescent probe method [40] . DMSO treated cells were incubated simultaneously and used as controls. Calcein-AM fluorescence was measured by excitation at 488 nm and emission at 528 nm wavelength (see Section 2). Calcein-AM fluorescence is quenched upon binding iron and is therefore inversely correlated with intracellular iron accumulation. AU: arbitrary units. Error bars represent the SD from the mean of triplicate reading and data are representative of two independent experiments. values were calculated in reference to vehicle (DMSO) treatment control using one-way ANOVA followed by Bonferroni multiple comparisons post hoc analysis. values annotated * * * < 0.0001; * * = 0.001-0.01; * = 0.01-0.05; > 0.05 were not significant (NS).
in ferroportin expression in macrophages (Figure 3(b) ). Ferroportin allows iron egress from macrophages; therefore, its degradation leads to iron retention. We measured labile iron accumulation in macrophages using calcein-AM [40] and found that tunicamycin and LPS treatment led to significant iron retention (Figure 4 and Supplementary Figure 1B) . A synergistic effect on iron retention was observed when macrophages were cotreated with tunicamycin and LPS. The results suggest that chemically induced ER stress and inflammation alter intracellular iron homeostasis in macrophages. * values were calculated in reference to no treatment (DMSO only) control using one-way ANOVA followed by Bonferroni multiple comparisons post hoc analysis. values annotated * * * < 0.0001; * * = 0.001-0.01; * = 0.01-0.05; > 0.05 were not significant (NS).
ER Stress and Inflammation Dramatically Induce NGAL
Gene Expression. NGAL plays a dual role in physiologic cellular iron homeostasis and in host defense. We recently reported that LPS induced NGAL secretion from peripheral monocytes [44] . ER stress is also reported to highly induce NGAL expression [45] . However, the impact of ER stress combined with inflammation on NGAL expression is not yet known. To this end, we determined NGAL gene expression in tunicamycin and LPS treated macrophages. As expected, LPS treatment led to significant upregulation of NGAL gene expression (∼12-fold) but tunicamycin treatment led to a dramatic ∼1500-fold increase in NGAL gene expression ( Figure 5(a) ). Tunicamycin induced NGAL gene expression in a dose-dependent manner ( Figure 5(b) ). A synergistic effect was observed when THP1 cells were cotreated with tunicamycin and LPS which resulted in an approximately ∼3000-fold increase in NGAL gene expression ( Figure 5(a) ). This synergistic effect was tunicamycin dose-dependent ( Figure 5(b) ). Tunicamycin-induced ER stress led to ∼100-fold greater increase in NGAL gene expression compared to LPS. The synergistic cross-talk between tunicamycininduced ER stress and LPS-induced inflammation led to ∼ 200-fold increase in NGAL gene expression compared to LPS alone. These data suggest that chemically induced ER stress dramatically increases NGAL expression more than inflammation but when combined a synergistic upregulation of NGAL is observed. [19, 21, 22] cytoprotective enzyme that catalyzes the degradation of heme and consequently liberates iron and carbon monoxide [20] . The released carbon monoxide suppresses hepcidin expression; therefore, HO-1 plays a role in regulating iron homeostasis [46] . Our data demonstrate that ER stress and inflammation dysregulate intracellular iron homeostasis in macrophages. Therefore, we investigated the impact of ER stress and inflammation on HO-1 expression in macrophages as an anti-inflammatory immune response. Here we show that HO-1 gene expression is significantly upregulated in THP-1 cells treated with tunicamycin or LPS alone ( Figure 6 ). However, the combination of tunicamycin and LPS treatment synergistically upregulated HO-1 expression in THP-1 cells ( Figure 6 ) suggesting a potent response to combat cellular stress.
ER Stress and Inflammation Induce Heme Oxygenase-1 (HO-1) Gene Expression. HO-1 is a stress-induced antiinflammatory
Vitamin D Restores BDH2 Expression in LPS-Stimulated
Macrophages. In this report we show that tunicamycininduced ER stress and LPS-induced inflammation downregulate BDH2 expression in macrophages and alter intracellular iron homeostasis. Vitamin D possesses immune modulatory activity and exerts an anti-inflammatory effect [47] [48] [49] . Zughaier et al. found that vitamin D plays an important role in regulating the iron-hepcidin-ferroportin axis in monocytes by restoring hepcidin and ferroportin gene expression and reducing IL-6 and IL-1 cytokine release [50] . Vitamin D was also reported to suppress ER stress in macrophages and therefore is a natural ER stress reliever [51, 52] . We hypothesized that vitamin D may restore BDH2 expression in LPS stimulated macrophages. To test our hypothesis, THP-1 macrophages were treated with 20 nM of 1,25 dihydroxy vitamin D 3 (1,25(OH) 2 D 3 ), the hormonally active form of vitamin D 3 , for 24 hr prior to LPS exposure. Here we report for the first time that vitamin D 3 pretreatment protects macrophages from the LPS-induced reduction in BDH2 gene expression (Figure 7) . Treatment with vitamin D 3 alone did not significantly induce BDH2 expression but LPS treatment led to significant downregulation of BDH2 expression which was absent in cells pretreated with vitamin D 3 prior to LPS. Taken together, the data suggest that downregulation of BDH2 gene expression by LPS, which is a common model of inflammation, can be restored by vitamin D 3 . which results in reduced secretion of some inflammatory mediators [53, 54] . In this report we show that ER stress combined with inflammation dysregulated macrophage iron homeostasis. Therefore, we examined the impact of ER stress combined with inflammation on release of inflammatory mediators from macrophages. Using Luminex technology, we evaluated cytokine and chemokine release from cells treated with tunicamycin (10 g/mL) to induce ER stress prior to LPS (40 ng/mL) exposure for 6 hr to induce the cytokine storm. As expected, LPS exposure without tunicamycin treatment induced massive release of cytokines (IL-1 , TNF , IL-6, IL12p40, IFN , IL-1R antagonist, and IL-2R) and chemokines (RANTES, MCP-1, MIP1 , MIP1 , IP-10/CXCL10, and IL-8) compared to unstimulated THP-1 macrophages (Table 1) . Tunicamycin treatment alone (without LPS exposure) also induced cytokine/chemokine release which was typically ∼2-to 5-fold less than LPS treatment (Figures 8(a), 8(b) , 8(c), and 8(d) and Table 1 ). Since ER stress downregulates protein synthesis machinery [55] , tunicamycin treatment followed by LPS exposure led to significant reduction in cytokines (IL12p40, IL-1R antagonist) and chemokines (MIP1 , MIP1 ) compared to LPS exposure alone. A slight reduction was observed in other cytokines and chemokines released from macrophages exposed to both tunicamycin and LPS (Table 1) . In contrast, a significant and synergistic increase in IL-6 release was observed when THP-1 macrophages were exposed to both tunicamycin and LPS. IL-6 is a proinflammatory cytokine that plays a significant role in systemic iron metabolism by directly inducing the expression of hepcidin, the master iron-regulating hormone [8] . Therefore, tunicamycin-induced ER stress combined with inflammation upregulates IL-6, consequently contributing to altered iron homeostasis.
ER Stress Dysregulates Cytokine and Chemokine
Discussion
Limiting the bioavailability of iron during infection is a host defense mechanism driven by the hepcidin-ferroportin axis [2, 7, 15] that leads to iron retention in macrophages. In this report we describe the downregulation of BDH2 in macrophages in response to ER stress and inflammation. We show that chemically induced ER stress combined with LPSinduced inflammation downregulates BDH2 expression in human THP-1 macrophages. The physiological role of BDH2 in intracellular iron homeostasis was described recently [12] . BDH2 catalyzes the synthesis of the mammalian siderophore 2,5DHBA that protects from oxidant stress by capturing free toxic iron. Cells lacking a functional siderophore retain high levels of free iron leading to increased ROS production and iron-deficient mitochondria [12] . More recently, Liu and coworkers also reported that BDH2 contains an ironresponsive element and thereby is regulated by intracellular iron levels [14] . Zughaier et al. reported the downregulation of BDH2 gene expression in macrophages in response to bacterial infection [15] . Here we report a synergistic effect of ER stress combined with inflammation on the downregulation of BDH2 gene and protein expression in macrophages which led to dysregulated cytokine release and iron retention. Our finding is novel and sheds light on the role of BDH2 in ironlimiting innate immunity. Iron homeostasis directly influences macrophage function [56] . Recent evidence showed that iron retention dictates macrophage polarization [5, 57] and induces unrestrained proinflammatory macrophages that impair wound healing [58] . ER stress induces hepcidin via CHOP and CREB [30] . During infection, hepcidin is directly induced by LPS via TLR4 activation [59] and during inflammation hepcidin is induced by IL-6 [8] . Elevated hepcidin expression leads to the development of hypoferremia or anemia of chronic inflammation [2] . Our data show that chemically induced ER stress and LPS-induced inflammation dysregulated the hepcidin-ferroportin axis and led to iron retention in THP-1 macrophages and consequently downregulated BDH2 expression. Devireddy and coworkers showed that downregulating BDH2 expression using siRNA resulted in the depletion of the mammalian siderophore which caused iron retention in a murine pro-B lymphocytic cell line, reduced mitochondrial iron, and consequently reduced heme synthesis [12] .
BDH2 is a homolog of the bacterial enzyme EntA that catalyzes the synthesis of the bacterial siderophore, enterobactin [60] . NGAL sequesters enterobactin thereby limiting bacterial growth and traffics iron-bound complexes across tissues. Thus, in addition to their physiological roles in iron homeostasis, NGAL and BDH2 constitute the iron-limiting arm of innate immune defense. Further, NGAL is highly induced as an antioxidant response during oxidative stress [61] and in response to ER stress [45] . Our data demonstrate a synergistic effect of ER stress and inflammation on the dramatic upregulation of NGAL. Elevated levels of NGAL are associated with many chronic diseases like kidney disease, heart disease, arthritis, chronic obstructive pulmonary disease, and cancer [62] [63] [64] . High levels of NGAL were shown to deactivate macrophages and worsen outcomes of pneumococcal pneumonia [65] . We recently reported that circulating NGAL levels are elevated in subjects with cystic fibrosis compared to healthy donors and demonstrated that peripheral monocytes secrete NGAL in response to LPS and to Pseudomonas aeruginosa infection [44] . Moreover, NGAL expression is upregulated whereas BDH2 expression is downregulated in macrophages upon bacterial infection with Neisseria gonorrhoeae [15] . Altered iron homeostasis manifesting as hypoferremia is common across all these diseases. Taken together, ER stress combined with inflammation downregulates BDH2 expression consequent to the dysregulation of hepcidin-ferroportin axis leading to iron retention in macrophages and dramatic NGAL upregulation which contribute to altered intracellular iron homeostasis ( Figure 9 ). ER stress has been shown to induce chronic inflammation in metabolic and chronic heart diseases [66, 67] . Tunicamycin, which inhibits protein glycosylation and triggers the unfolded protein response [68] , combined with LPS synergistically increased IL-6 release from macrophages. Hepcidin expression is directly induced by IL-6. Previous study showed that treatment with anti-IL-6 antibody lowered hepcidin levels which alleviated hypoferremia and restored iron homeostasis [2, 69] . Among many inflammatory mediators IL-6 is a predictor of mortality in chronic kidney disease [70] , in HIV [71] , and in other chronic diseases associated with immune activation due to microbial translocation [72, 73] . Our results suggest that ER stress combined with inflammation increases IL-6 that induces hepcidin expression leading to increased intracellular iron which downregulates BDH2 expression. Further, NGAL possesses an immunomodulatory activity and exerts a suppressive effect on macrophages leading to reduced cytokine release [65, 74] . We observed a synergistic effect of ER stress combined with inflammation on the dramatic upregulation of NGAL expression which may contribute to dysregulated cytokine and chemokine response in macrophages. In this report we describe a mechanism by which ER stress combined with inflammation contributes to dysfunctional iron-limiting innate immune responses in macrophages.
Vitamin D possesses immunomodulatory activities and lowers circulating cytokines in vivo [47, 48, 75] . Recent study demonstrated that vitamin D relieves ER stress in macrophages [52] . We reported that the hormonally active form of vitamin D, 1,25 dihydroxyvitamin D 3 , reduced MCP-1 release from macrophages treated with LPS or infected with Pseudomonas aeruginosa bacteria [47] . More recently, Zughaier et al. showed that 1,25 dihydroxyvitamin D 3 treatment reduced IL-6 release from LPS activated macrophages and reduced hepcidin gene expression while upregulating ferroportin gene expression in a dose-dependent manner; thereby, vitamin D restored the hepcidin-ferroportin axis in macrophages [50] . Taken together, our data show that ER stress and inflammation downregulate BDH2 expression The DFP-iron complex shares structural resemblance to enterobactin, the major bacterial siderophore that binds iron with very high affinity. As a defense mechanism, the host upregulates NGAL expression to scavenge enterobactin which in turn limits iron availability and inhibits bacterial growth. DFP is an iron chelating small molecule drug that gains access to cells and scavenges free intracellular iron and then exits as a DFP-iron complex. Based on the structural resemblance to enterobactin-iron complexes, the DFP-iron complex is expected to bind NGAL by fitting into the hydrophobic pocket [79] . Therefore, small molecule iron chelators may act as the mammalian siderophore and redistribute iron retained in macrophages.
and vitamin D treatment restored BDH2 expression in LPS activated macrophages. This is the first report to show that vitamin D restores BDH2 expression. It is not known whether vitamin D exerts direct or indirect regulatory effects on BDH2 gene expression but it is worthy of further investigation. The important role of BDH2 in intracellular homeostasis relies on the production of the mammalian siderophore 2,5-DHBA that binds free iron and thereby restores cellular iron homeostasis [17] . We propose that the synthetic iron chelating drug Deferiprone (DFP: 3-hydroxy-1,2-dimethylpyridin-4(1H)-one) [76, 77] , commonly used to treat iron overload disorders [78] , may emulate the mammalian siderophore and redistribute iron retained in macrophages. DFP is a small molecule that diffuses across the cellular membrane and scavenges free intracellular iron. Three molecules of DFP make a complex with one ferric iron molecule [76] . This DFPiron complex shares structural resemblance to enterobactin, the major bacterial siderophore that binds iron with very high affinity (Figure 10 ). In response to infection and as a defense mechanism, the host upregulates NGAL expression to scavenge enterobactin which in turn limits iron availability and inhibits bacterial growth. Our data show that NGAL is dramatically upregulated in response to ER stress and inflammation. We hypothesize that, upon downregulation of BDH2 expression in macrophages, DFP may compensate for the reduction in mammalian siderophore production. DFP gains access to cells and scavenges free intracellular iron and then exits as a DFP-iron complex. Based on the structural resemblance to enterobactin-iron complexes, the DFP-iron complex is expected to bind NGAL by fitting into the hydrophobic pocket [79] (Figure 10 ). NGAL-siderophore complexes are then excreted to urine. Therefore, DFP could be a potential therapeutic for altered cellular iron homeostasis that lowers both intracellular iron and abnormal NGAL levels, consequently restoring intracellular iron homeostasis in macrophages. Our hypothesis is under current investigation.
Conclusion
Inflammation combined with ER stress led to massive BDH2 downregulation and increased the expression of ER stress markers, upregulated hepcidin expression, downregulated ferroportin expression, caused iron retention in macrophages, and dysregulated cytokine release from macrophages. ER stress combined with inflammation synergistically upregulated the expression of the iron carrier protein NGAL and the stress-inducible heme degrading enzyme heme oxygenase-1 (HO-1) leading to iron liberation. However, vitamin D treatment prior to LPS exposure restored BDH2 expression. BDH2 is expressed in many types of cells [80] ; therefore, downregulation of BDH2 may have detrimental effects on cellular functions. Downregulation of BDH2 during infection is due to activation of hepcidin and intracellular iron retention, indicating an important role for BDH2 in iron-limiting innate immunity and host defense. Our data suggest that continued ER stress combined with inflammation impacts on BDH2 expression and contributes to altered intracellular iron homeostasis.
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